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A STUDY OS T EE EIPFECTS OF VERT f CBL 'PAIL Ai?D D I SEDRAZ 

By Leo F. F e h l n e r  

A t h e o r e t i c a l  i n v e s t i g a t i o n  h a s  been made o f  t h e  in-  
f l u e n c e  o f  changes  i n  v e r t i c a l  t a i l  area a n d  d i h e d r a l  
a n g l e  o n  t h e  l a t e r a l  f l y l i l y ;  c h a r a c t e r i s t i c s  o f  a n  air- 
p l a n e .  T3.e l a t e r a l  motions were computed f o r  n i n e  d i f f e r -  
e n t  c o E b i n a t i o n s  of  v e r t i c a l  t a i l  area azd d i h e d r a l ,  cov- 
e r i n g  +he range  ox" pararneters  used  i n  the. cZesign o f  t y p l -  
c a l  a i r p l a n e s .  T h e  m o t i o r ? s  were  i n i t i a t e d  ky  a i l e r o n  a n d  
rudder c o 3 ? t r o l s 8  and. c o n s i d e r a t i o n  w s s  g i v e n  t o  v a r i o u s  
amounts  o f  yawing moment a c c o q a n y i n g  a i l e r o n  c o n t r o l .  

Aileron c o c t r o l  was shown t o  grod?lce b e t t e r  l a t e r a l  
maaeuver ing  t-zar, r71dder c o n t r o l .  V i t h  a i l e r o n  c o n t r o l ,  
i aq rovemen t s  vere accompl i shed  by i n c r e a s e s  i n  v e r t i c a l  
t a i l  area ar_d d e c r e a s e s  i n  di2ed.ra1,  The r u d d e r  was 
e f f e c t i v e  f o r  e n f c r c i c g  s i a e s l i p  a n d  supp lemen t ing  the  
a i l e r o n s ,  

T h e  p o s s i b i l i t y  is advanaed  t ha t  f a v o r a b l e  l a t e r a l  
f l y i n g  w a r a c t e r i s t i c s  a r e  a s s o c i a t e d  w i t h .  v e r y  shor t -  
p e r i o d  l a t e r a l  o s c i l l a t i o n s .  

I n  t h e  d e s i g n  o f  a i z p l a n e s ,  s e v e r a l  c r i t e r i o n s  have 
been s u g g e s t e d  and used  f o r  t h e  c h o i c e  of aerodynamic 
derivatives t o  o b t a i ~  f a v o r a b l e  flying c h a r a c t e r i s t  i c s o  
The r e s u l t s  of  comTlFing v i t h  d i f f e r e n t  e x i s t i n g  c r i t e r i -  
on8 f o r  l a t e r a l  c h n r a c t e r i s t i c s ,  however ,  a r e  at v a r i a n c e  
a s  ev idenced  bg t h e  number of  a i r p l a n e s  t h a t  show w i d e l y  
d i f f e r e n t  l a t e r a l  P l y i n g  c h g r a c t e r i s t i c s ,  The p r e s e n t  
p a p e r  i s  e n  endeavo r  t o  e s t a b l i s h  a c o q r e h e n s i v e  b a s i s  
€or t h e  c h o i c e  o f  i a t e r a i  ae rodyxwaic  d e r i v a t i v e s ,  
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L a t e r a l  f l g l n g  q u a l i t i e s  a r e  k~iomn t o  be Largely d-e- 
penden t  o n  v e r t 5 c a l  t e i l  ayes a n &  d i h e d r a l  a n g l e  b u t ,  f o r  
making p r c d i z t i o n s ,  t h e  n a t u r e  and  tLe magmaitnde o f  t he  
e f f e c t s  0 2  s p e c i f i c  rhanges remain  t o  be c o n s l d e r e d .  Con- 
s i d e r a t i o n  must a l s o  Le g i v e n  t o  t h e  l a t e r a l  e o n t s o l s  be- 
c a u s e  a e a i r a b l e  q u a l t t i e s  a r e ,  i n  p a r t  a t  l e a s t ,  dependen t  
o n  t h o  a v a l l a o l e  c o ? t r o 1  a n d  t h e  ski l l  with which it must 
'be a p p l i e d o  

Tn t h e  p r e s e n t  s tu . ly ,  t h e r e f o r e ,  t h e  e f f e c t s  o f  def-  
i n i t e  cr-ianges ir, v e r t i c a l  t a i l  a r e a  and  d i k e d r a l  03 t he  
l a t e r a l  m a a e u * ~ e ~ a b i X i t y  o f  a n  a i r p l n n e  a r e  i n v e s t i g a t e d ;  
cornpatat tozis  3i-e rca3.e o f  t h e  bank ing ,  t h e  azi innth ,  and  
t n s  s i d a s : i s p i n g  mo t ions  f o r  tt h y T 3 t b e t i c a l  airplane with  
t h r e e  d i f f e r m . t  ainox;nts o f  v e r t i c s i  t a i l  a r e a  and t h r e e  
s e ' ; t i ngs  o f  dirrsdr.1: angie. TP.e xiot ions were i n i t f a t e d  
by rudds- ~ o n t , : - ~ l  a l o n e  arid by a i l e y o n  c o n t r o l  w i t i i  var- 
i o a s  s ang l ezeAi t . a rg  rfarn-ias zornezlt, s .  

T h 9  r e w i i t s  ' I ~ B B  bee:] a n a l y z e 3  o n  t h e  b a s i s  o f  t h e  
a t t a in r r , en t  oZ  optirtnm lskeeral. f l sT iag  c h a r a c t e r i s t i c s  w i t k t  
a nini.mup of  9 f f 0 r t .  Q i t k ,  a i l e r o s .  c o n t r o l ,  f o r  ins tance, ,  
o - ~ t ! ~ - ~ ~ x z  a t t r i b u t e s  o f  t i e  a o t i o n s  a:-e a l i n e a ?  v a r i a t i o n  
o f  a n g l e  of baiLL; o f  a s  large a Inaznitude a s  i s  f e a s l b l e  
w i t n  a qi.cien a m u a t  o f  c o i i i ; r o l ,  t n e  e l i x i c a t i o n  a f  a d v e r s e  
h e i & i n q ,  a n d  a m - i ~ i n ~ x m  o f  S ~ C L ~ S ~ ~ D .  The c o n l r o l  moment 
recLui red  t o  o b t a i n  a g i v e n  angnlar  d i s F i a c e 3 e n t  i n  a g i v e n  
t i m e  was t a k e s  a s  a mea$ure o f  c o n t r o l  f c r c s .  The data 
a r e  p r e s e n t h d  i n  a f o r m  tbat shou ld  be o f  a i d  i n  tnaking 
q i a l i t a t 5 v e  e s t i i n a t e s  03 t h e  1 a t . e r a l  f l y i r i g  c h a r a c t e r i s -  
t i c s  of  c o n v c n t i o n u l  a i r p l a n e s .  

The a n a l y s i s  o f  t h e  e f f e c t  o f  f i n  a r e a  and d i h e d r a l  
o n  t h e  r n a z e u 7 e r a b i l i t y  o f  a3 a i r p l a n e  m a s  made b ; ~  a com- 
p a r a t i v e  s tuZg  o f  + h e  l a t e r a l  n o t i o r s  r e s u l t i n g  f rom the  
u s e  o f  t h e  a i l e r o n s  a n &  the rudder .  

The l a t e r a l  ~ o t i o n s  o f  t h e  a i q l a n e  may be o b t a i n e d  
a s  s o l a t i o n s  t o  t h e  l a t e r a l  e q u a t i o n s  o f  m o t i o n .  These  
e q u a t i o  l is c o n t a i n  terns t h a t  a r e  fio-gend-errt on t h e  param- 
e t e r s :  fin a r e a  a n d  d i h e d r a l .  Chazges i n  t h e  p a r a m e t e r s  
e f f e c t  a s s o c i a t e d  changes  i n  the later3.7, mot ions .  V o t i o n s  
f u r  eves3 combina t i on  o f  t h e s e  paTamete rs  m a y  t h e r e f o r e  
be de t e rmined .  
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I: 

The‘ d f m e n s t o c a l  equations o f  l a t e r a l  notion a>e FJS- 

se-:it-ialljr i d m - t i c a l  w f t b  those n s e d  i n  t h e  p a s t  an$ their 
development may be ob ta ined  f r o m  reference 1. T h e ;  equa- 
t f o n s  ~ T B  as f o l l o w s :  i 

1 

i 

V aad 6 = - V 

In o r d e r  c ~ n v a n i e n t l y  t o  u s e  aerodynamic &a t&  in 
s t a n d a r d  o o n A i m e n a i o n a l  form and s i m u l t a n e o u s l y  t Q  main- 
t a i n  t ’ ae  Originaf  p h g s i c n l  s i g n i f i c a n c e  o f  t h e  e q u a t i o n s ,  
a c o n s i s t e n t  nondimensional system w a s  u s e d .  

The funaamental nn’ i t s  o f  t h e  nond imens iona l  sys tem 
may be t aken  t o  be 

b u n i t  o f  length 

b , ’ ~  o f  t i m e  

s,’o unit o f  mass 
2 

Xf l e n g t h ,  t i m e ,  and IRZSE a r e  expressed  i n  t e r a s  o f  t he  
p r o p e r  u n i t s ,  t h e r e  w i l l  r e s u l t  nondimens iona l  q u a n t i t i e s  
as f o l l o v s :  
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t 
= &JT 

m 
P = -I.---- 

f S,b 
J 

a n d  f f  t i i e  prorjer  substitutions a r e  xade n c e o r d i t g  S O  
e q n a t i o n s  ( 2 ) ,  t k e  n o x - d i n e ~ s i ~ n z i l  eqyzat iorss  o f  l a t e r a l  
m o l i o n  a r o  

shere 

It skould  be c o t e 2  t m t  

Thus t h e  F a r t 5 a . l  d e r i v a t i v e s  C , C , e t c .  a re  ha l f  
’D? %$ 
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t h e  v s l u e  o f  t h e  d e r i v a t i v e s  C , S e t c . ,  v h e r e  
I F  % 

Ths solutions fur :J I can also be w r i t t e n  

w'?-ere t n e  t a n k t a g  Liot ion  j d ~  

d i s t u r b a c e ,  tn I s  due  t o e a  u n i t  yavirrg disturbance, and 
d is tne banic ing m o t i a z ~  r e s u l t i n g  f r o 3  ana combina t i on  o f  
magnitudes of %Le %EO d i s t u r b a n c e s ,  

T S  2ue to a unft rolling 
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and  

a 

E q u a t i o n s  ( 4 ) ,  ( 5 ) ,  a.ild ( 6 )  e x p r e s s  i n  g e n e r a l  t e r m s  
tke  so lu t f .o r?_s  t o  t h e  l a t a r a l  e i u a t i o a s  o f  m o t i o r ,  For 
co i lven i ence ,  h o r e v e r ,  ezch  s o l ~ t i o n  may be r e a r i t t e n  in 
v a r i o v s  forms t o  d e m o n s t r a t e  m o r e  c l e a r l y  c e r t a i n  p a i n t s .  
E q u a t i o n  { d : ) ,  f o r  i n s t a n c e ,  may be w r i t t e n  

Up t o  po in t , ,  s u l 3  m o t i o q s  - a v e  been co?lsiderec? 
t s t  m {TTF: k z e s  i n i t i a t e d  by p x e d e t e r n i n e d  d i s t u r b a n c e s .  
f t  i s  a l s o  possible t o  stLti;r d . i s t u r b a n e e s  n e c e s s a r y  t o  
p e r f o r m  p r e d e t e r s i A L e d  r z o t i o i i s .  

Tsus,  t L e  s o t l o n  t o  be predeterrr i iTed maj; be t h a t  mo- 
S t o n  whicn reeu1SYs IT t t e  a n g l e  o’ bank a a t  t h e  end o f  
t c e  i n t e r v a l  s o .  S 3 - w  a n i o t i o r ,  i s  r e f e r r e d  t o  a s  a 

. ~ e c a u s e  pll a n a  2f SO m 3 . n e i ~ ~ ~ r ~ ~  and w i l l  be l a  bel@$- 

are known f u n c t i o n s  o f  8 ,  t n c i r  v a l u e s  a t  %- .e  end o f  
t h o  i n t e r v a l  s o  i-laj be e e t e r m i c e d  and c a l l e d  @ls, and 

, r e s p e c t i v e l y ,  T’lien, ia o r d e r  t o  s tndg conBro l  d i -  

r e c t l y ,  t h e  r e c i p r o c a l  o f  equation (7) m a g  be#- J”’ 

$”Go 

and at - 
t h e  i n s t a n t  so 



T k ~ s ,  f o r  a n y  g i v e n  mEne-Jvur a n d  t y p e  o f  c o n t r o l ,  t a e  ef- 
f ~ c t  o f  c L a r g i n g  v e r t i c a l  t a i l  a r e a  alzd d - i t e d r a l  02 t he  
rcagni tude  of‘ t:Le necessar; .  c a n t r o l  nay be  6 e t e r m i n e d p  

r-b c o z s i d e r a t  i o n  o f  optimuin c o n d j . t i o a s  f o r  c o n t r o l l e d  
. ao t io r ; s  inCticaied. tLiat; t 3 e  r e 3 c t i o n  t o  c o z t r o l  i n  ai:y c a s e  
shouLd be f r ,  s t - i c t  a c c o r d n n c e  nif : i  t h e  %;,tended r e a c t i o a .  
Wi.th r b s q e c t  t o  th’3 o z i m t k  raot ion ,  a n y  change i n  h e a d i n g  
o q o s i t e  t o  %\at i n t e n d e d  t s  u i A d e s i r a b i e  a ~ d .  such. a r e a c-  
t i o n  w i l l  %e terne,: “ e d v e r s e . ”  

 inu us t h e  v a r i a t i o n  o f  c,/c~ r e q u i r e d  t o  pre7ren-t 8. change 
o f  nead:r,g i s  d e t e r n i n e d  a . s - 8  f u n c t i o n  o f  s. The func- 

f l  

f o r  t,*e cssos  c o n s i d e r e d ,  ha s  p o s i t i v e  raaxi- dn t i o n  - ( s ) ,  G I  
m;lm v a l u e e  wLlicki i n d i c 2 t e  tSat t h e  resulting n c a d i n g  w i l l  
alvays  5 e  favorable and e o t  a&verss i f  c o n t r o l  i s  applied 
i n i t i a l l y  i n  t h e  ratio C,/Cz e g a a l  t o  o r  g r e a t e r  than 
t h a 4  riiaximum dl3termizied by tile f:inct i o n ,  

Xu o r d e r  t o  d e t e r a i L e  t h e  l a i s r a l  mot ions  f o l l o w i n g  
a s p l i e d  y a a i a g  moment a l o n e ,  e q u a t i o n  (4) becomes 
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or 

I T  like P a n r e r ,  f r o m  s o u a t i o n  (5) 

n 

Xn ordc j i -  t o  o b t a j n  s o l u t i o u s  f o r  3 ,  @, and ?li t h a t  
c a n  be p l c t t e d  f o r  a n h i y t i c  parposas, nurner ica i  s a lues  o f  
t k e  s t a b i s i t y  d e i i v a t i v e s  a ~ d  o t h e r  a i r p l a n e  c n a r a c t e r i s -  
t i c s  r ~ n s t  be d e t e r z i z - e d ,  A pursui . t - t ; l ,ge  a i r p l a n e  mas as- 
suiiled a n &  tce w e i g a t  d i s t r i b u t i o n  was t a g e n  a s  t h e  a v e r a g e  
o f  15 rodcrn p l x r s k i t  z i r p i a n e s .  A l t h o u g h  of c o n v e n t i o n a l  
d e s i g n  ai13 b e n a r a l  d i r i i ens iors ,  t h e  airplane i n  d . s t a i l  w a s  
ascumecl t o  be c h a r s c t e r i z e a  c n i e f l y  by i t s  s e t  o f  aero-  
d y n m i i c  t l e r i v n t i v e s .  

F e r t t i i e n t  a u m e r i c a l  dFta a r e  a s  f c 2 l o w s :  the span 
i s  assumed t o  bs 32 f e e t ,  t h e  a s p e c t  r a t i o ,  8; t h e  t a p e r  
ratio, 2 : : ;  a n d  t h e  s ~ s s p  a n g l e ,  0" . T h 2  l i f t  c o e f f i c i e n t  
d u r i i ~ g  f l i g h t  i s  ass71rned t o  be 1. B e f e r e n c e s  3 ,  4, and  5 
were u s e d  f o r  d e t e r m i n i n g  r e p r e s e n t a t i v e  values o f  the 
s t a b i l i t 2 7  d e r i v a t i v e s ,  T~zcse  d e r i v a t i v e s ,  which a r c  
u s u a l l y  c o n s i d c r e d  s s s e n t i a l l y  in2 euenden t  o f  changes  i n  
fin a.rea a n d  d i h e d r a l ,  a r e  a s  follows: 

G = - 0 0 5  
ZP 

Ct, = 0 .344  
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The a r i r c i p , l .  e f f e c t  o f  var:7ing g i h e d z a l  is t o  change the 
ano:mt o f  r o : l i l z g  r r o a e r t  d.xie t o  s i d e s l i g .  Tkius 

Chartgas ir, fin a r m  i n f l u e n c e  t h e  v a l u e s  o f  c e r t a i n  
s t a r , i : . i t y  d e i i v a t i v e s ,  rzracALy, ~ a n i n g  rJ-omsnt  and side 
f o r c e  due  -to sideslip, arid ;?aw5iig moment due t o  gearing. 
A A l  o t f ; ; e r  e l f ' e c t s  a r e  c o n s i d e r e d  small. Thus 

It shou. ld  be D a t e d  tha t  -3. t 7e r t i c a l  tail a r e a  o f  4 p e r c e n t  
o f  t h e  n5Qg 8,rea i s  r e q u i r e d  t o  b a l a n c e  t n e  u n s t a b l e  yam- 
i n g  moment o f  t b e  f a s e l a g e .  

In ail, n i n e  c o m b i n a t i o n s  of t h e  p a r a m e t e r s  and  
S f / S , ,  i d e i i t i f i e d  a s  c a s e s  bg t h e  numbers I t o  9 i n  
t h e  followfag t a b l e ,  mere c o n s i d e r e d :  



LO 

Gti-ner f a c t o r s  t i ia t  e n t e r  ~ - , - L O  t h e  n w a e r i c a l  cornpcta- 
t f o n s  a r e  

I t  i s  also n e c e s s a r g  t o  deterriiirie the magni tude  o f  t h e  
ratios C , / C l  t o  be c o n s i d e r e d ,  Wormal  a i l e r o n s ,  when s o  
d e f l e c t e d  t i s , t o  g r o d u c e  a r o s i t i v e  r o l l i n g  moment, p roduce  
a l s o  a n e g a t i v e  ( a d v e r s e )  y a n i z g  moment. The r a t i o  o f  yap- 
i n g  moment t o  r o l l i n g  m9men.t f o r  p l a i n  f l a p ,  40- percent-  
s 2 a n  a i l e x i o n s  (Bssumed f o r  t h e  h y p o t h e t i c a l .  a i r p l a n e )  i s  
-0  .i35 ( r e f e r e n c e  6 ) .  kl.t;izougin l a r g e r  n e g a t i v e  v a l u e s  of  
t h i s  r a t i o  may e x i s t  with c e r t a i n  a i l e r o n  i n s t a l l a t i o n s ,  
talc val-ilc: -0,135 h a s  been u s e d  as a r e p r e s e n t a t i v e  v z l u e .  
I t  w i t s  e q e c t e c '  t h a t  e l i m f n a t i n g  % n e  a d v e r s e  yawing nomerit; 
and., p o s E i ' t ? l g ,  a p p l g i n g  f z v o r a b l e  j raaing moment would re-  
s u l t  i n  more .Favorable  l a t e r a l  mot ions .  The r a t i o s  0 and  
0 . 2 3 5  v e r e  t h e r e f o r e  c o n s i d e r e d .  Y o r  tk;e small f i n  o f  the 
h y p o t . h e t i c a 1  a i r p l a c e ,  approx%mateLy a loo  r u d d e r  d e f l e c -  
t i o n  i s  r e q u i r e &  a i t h  f u l l  a i l e r o n  d e f l e c t i o n  t o  c o u n t e r a c t  
t h e  a d v e r s e  y a ~  o f  !;be a i l e r o n s  a n d ,  i n  a d d . i t i o n ,  t o  pro-  
d u c e  a f a v o r a b l e  yar;ring moment c o r r e s p o n d i n g  t o  t h e  ra-bio 
0 135, 

Becavse  all t h e  n u m e r i c a l  f a c t o r s  i n v o l v e d  a r e  aon- 
d i m e n s i o n a l ,  the r e s u l t s  a r e  d i r e c t 1 2  a p p l i c a b l e  t o  a l l  
a i r p l a n e s  g e o m e t r i c a l l y  similar t o  t b e  t y p e  assumed for 
t h e  numerica ' l  c o m p u t a t i o n s .  
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3 i f f s r e n t  Amounts o f  Aecompan2ing Pawing Moment 

%he e f f e c t s  o f  c-iiinges i n  d i k e d - a l  a n g l e  and f i n  area 
C E ~  b e  cieferminec! by c o q a r a t i v e  s t u 3 i e s  o f  t h e  rco t iocs  
S d e n t l f i e d  by t j s  n i n e  c a s e s  g i v e n  i a  t h e  p r e c e d i c g  table. 
k t t r i " n v . t e a  t h a t  e c t e -  S U C ' ~  c o q a r i c o n s  a.re a s  follows: 
!?Le k n k i n g  rrotior4 d e t e r m i n e s  t n s  s a g l e  o f  bank a t t a i n a b l e  
"ti? a Given iztsrvai jf ticfie. Tne azi i i in th  n o t i o n  d e t e r -  
r i lnea t h e  mzgaitu,c.3 an2  t n e  d u r a t i o n  o f  thz a d ? e r s e  ziead- 
i r g ,  a n d  t h e  s i d e s l i p h i r - g  ~ o t i o a  d e t e r u t z e s  t h e  a n g l e  o f  
s ides l ix ,  a t  2ny i r r s t a i A t .  I t  i s  c o n a l d e r e J  d e s i - a b l e  t o  
s t t a i a  a s  l a r g e  a post t t i ive  aagle o f  bank as i s  f e a s i b l e  
x i t h  a g ivs r?  p o s i t i v e  c o n t r o l  mor;ent, t o  have  t h e  bailking 
rcot iox? 3 s  n e e r l i  l i n e a r  w i t h  t i m e  a s  p o s s i b l e ,  t o  p r e v e n t  
acy i n i i ; i a i  ad-Jerse h e a d i n g  and  n 5 t a i 2  a s.Jt.sequc?nt 
19nsa.r va ; l a t i a r ,  c ?  I . e ad iqg  a f t e ? .  an i n t e r v a l  o f  t h e  o r d e r  
5 2  1 o r  2 s e c ~ n T ' s ,  a94 t o  x o s p  ire a l ig ie  o f  sj.des1i.p a,t a 
min imm.  A l l  t h e  f o - e g o i n g  a t t r f b t z t e s  m i l s t  be c o n s i d e r e d  
ic deterzni*:iag any  ~ e r t i n e n t  o2tizuxi c c n d i $ i o n .  

Sasis f o r  a i l a l y z i n g  t h e  v a r i o u s  mottone h a v i n g  been 
establisbe?, c o n s i d a r a t f c n  rr.ust % e  S i v e n  t t e  t j p 9  o f  con- 
t r o l  ayzlicat5.o~ tha5 i n i t i a t e s  t h e  m o t i o n .  I t  i s  p o s s i -  
ble t o  c o n s i d e r  r r io t ions  initiated by T o l l c n g  monent ,  ga,w- 
t a g  moment ,  o r  b a t n  o f  t h e s e  rrlomerits i n  nny c o y b i n a t i o n .  
Sucn  z r p l i c a t i o n s  o f  r o ~ e n t s  a r e  c o n s i d e r e d  o b t a f s a b l e  by 
d e f l e c t i o n s  o f  tk-e a t l e r o n s ,  t n e  r u d d e r ,  o r  both, 

T'he C'ITVSS o f  f i g a r s  1 r e F r c s e n t  t a e  banking m Q ~ j . O n S  
@ / C L  a s  d e f i n e d  'tjy e q u a t i o c  ( 7 )  f o r  t h e  z i r i e  c o m b i n a t i o n s  
o f  parameters and t n s  t b r e e  Tszides o f  t h e  r a t i o  Cn/C1. 

The  SanKiTg ruotions f o l l o w i n g  a d e f l e c t i o n  of the as- 
zu.med a i l e r o n s ,  t h a t  5.s, mot ions  Polloving rnomeats a p g l i e d  
i n  t n e  r a t i o  C,/Cl, = -0.135, a l e  s h o w 2  i n  f i g u r e  l(a>. 
T h i s  f i g u r e  i n d i c a t e s  t h a t ,  f o r  p r o l o n g e d  bang ing  maneuvers 
and f o r  e a c h  v a l c e  of  d i h e d r a l ,  i z ? c r e a s e s  i n  v e r t i c a l  t a i l  
a r e a  p r o d u c e  ~ ~ o t f o n s  which v a r y  more  l i n e a l l y  w i t h  t in ie  and 
a r e  of'  g r e a t e r  na-gnitclde. Thfs v a r i a t i o n  i s  due t o  t h e  
fact t h a t  t n e  a.ng1-e o f  s i d e s l i p  a t  e a c h  i n s t a z t  is  simul- 
t a n e o u s l y  r e d u c e d  a n d  t h e r e f o r e  t h e  nagaitu3e o f  t h e  re- 
s t o r i n g  r o l l i n g  moment due  t o  s i d e s l i p  i o  a l s o  reduced ,  
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The e f f e c t s  o f  changes  i n  v e r t i c a l  tail a r e a  become l e s s  
im?;or tant  a s  t h e  v e r t i c a l  t a i l  Rrea  l u c r e n s e s ,  I t  t h e  
s t s r t  o f  tL-E m o t i o n ,  tiowever, c i a n g e s  i n  v e r t i c a l  t a i l  
a r e a  h a v e  G O  appreciable e f f e c t  f o r  all t i le  v a l u e s  o f  
d i a e d s a l  co r ie ide red ,  The 1 - s e c o n d  t i D i n g  t e s t  f o r  a i l e r o n  
e f f e c t i v e n e s s  i s  t i z e - e f o r o  o f  some a d v a n t a g e .  The d i h e d r a l  
a r g l e ,  ~ . o " e v e r ,  past be t a k e n  i x t o  accouri t  i f  c o q a r i s o i l s  
o f  the a i 1 e r o 3 s  o f  d i f f e - e E t  a i r p l s n e s  a r e  t o  b e  made. 

The c u r v e s  O P  figure 2!a) a r e  d - e t e r m i - e d  by e q u a t t o n  
(IC)) and  a r e  s e c i p r o c z l s  o f  % f i e  cz1oss p l o t s  o f  f i g t l r e  1 ( a )  
2fJ t h e  i ? s t a n F , s  o f  1, 2 ,  4 ,  an& 10 s e c o n d s ,  i d e n t i f i e d  a s  
cpL,  n r  A ? ,  ,I$, a:id ' Y l O a  T a n  cross p l o t s  a t  1 s e c o n d ,  i d e n t i -  

f i e d  2 s  q j L ,  S L O W  ? g a i n  t'fiab T - e r t i c s l  tail a r e a  i n  t h e  
ra-zse c 3 v e r e d  :as br*t l i S t $ l e  e f f e c t  i n  an i n t e r v a l  o f  t h e  
o r d e r  of I ser,a,y?. A f t e r  l o n g e r  i n " e r T r a l s ,  aowever ,  t h e  

I ~ e ~ t  o f  j n c - e a s i v s  ve,: 'iical t a i l  a rea  i s  pronou-nced aLid. 
a d v n n t a g c o u s ,  F o r  +.sf,  Lace, wLen sf/S, = 0 . 0 8 ,  l e s s  
c o - i t r o f  is neeZed  t o  a 5 t a i n  a g i v e n  a n g l e  o f  'Dank In  2 
Secolids t ~ a n  '"rAen s~ /s , ,  = i).04. T h i s  e f f e c t  i s  m r e  w r o -  
no7xced f o r  lorALc-"r  manei;tvers arAd f o r  i n c r e a s e d  v a l u e s  o f  
d i h e d r a l .  B e c ; + ~ s c  t h o  c o n t r o l  sti& f o r c e s  are d i r e c t 1 . y  
p r o p o r t i o r a l  ' to  %:;e n a g n i t n d e  cf t r e  a p p l i e d  c o n t r o l  mo- 
ments ,  i t  is e v i d s y r t  f r o a  figvLre 2:a) t h a t  i n c r e s s i n g  ver-  
t i c a l  tail area  e f f e c t s  a c o r r e s p o n d i n g  d e c r e a s e  ir, stick 
f o r c e s .  

Cnanges i n  v o r t i c a l  t a l l  a r e a  i n  t h e  range  covaxed 
a l s o  have large e c s e c t s  on  t h e  azlmlv-th mot ton ,  a s  shomn 
by f i g u r e  3 'a ) .  (The c n r v e s  o f  f i g  3 a r e  d e t e r m i n e d  'by 
e c j w t t o n  ( 81 , )   ne m o t i o L s  f o r  s ~ / s ,  = 0~64, f u r  in-  
s t a n c e ,  a r e  n e g ? t ; i v e  f o r  $%,e d u r a t i o n  o f  t h e  motion.  AD 
i l l c r e a s e  i n  8 ? / S ,  t o  0 .06 c a u s e s  t h e  m o t i o n  t o  become 
p o s i t i v e  a f t e r  a r e l a t i v e l y  l o 5 g  i r t e e r v a l  o f  t ime .  F 'u r tke r  
i n c r e a s e s  i n  Sc/S, r e d n c e  t h i s  i n t e r v a l  and  d e c r e a s e  t h e  
m a g n i t u d e  ~f tr,e acXverse hearl ing.  This  i n i t i a l  a d v e r s e  
h a a d i n g  ~ a ~ n o t  Le t o t a l l y  e l i r n i n a t a s ,  m w e v e r ,  3y any  
f i n i t e  va.lua o f  s ~ / s , ,  a s  i s  shown by f i g u r e  4 ( a ) .  pig- 
u r e  4(23 i s  a c r o s s   lot of  t h e  iriaxi.cum a d v e r s e  h e a d i n g s  
o f  f i g n r e  3, 

Tne E a i n  e f f e c t  o f  ine rea . s ing  v e r t i c a l  t a i l  a r e a  on  
t h e  s i d e s l i p f i n g  ~ i o t i o : ~  i s  t o  d e c r e a s e  t h e  r a t e  a t  which 
s i d e s l i p  i n c r e a s e s .  T h i s  e f f e c t  i s  e v i a e n t  f rom f i g u r e  
5(a ) .  T h e  magni tude  o f  t h e  a n g l e  o f  s i d e s l i p  may t h e r e -  
f o r e  be k e p t  small, f o r  any m n e u v e r  o f  t l i e  d n r a t i o n  con-  
s i d e r e d  by i n c r e n s h g  v e r t  i c a l  t a i l  a r e a .  
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%!&e p r i n c i p a l  e f f e c t s  of  changes  o f  -7ert i c a l  t a i l  
a r e a  may bc w u u m r i z e d  a s  f o l l o i ~ s :  i n c r e a s e s  i n  a r e a  c a u s e  
more l i n e a r  bank izg  1-izotio+ls, redi-ce  t h e  a i l e r o n  c o n t r o l  
f o r c e s  ( o r  a s  a c o r r e l a t e ,  i n c r e a s e  a i l e r o a  e f f e c t i v e n e s s )  , 
d e c r e a s e  t i i e  magnitv.de and  t.he d u r a t i o n  o f  z d v e r s e  h e a d i n g ,  
and r e t a r d  t i i e  i c c r e a s e  o f  sideslip, A c o n ~ i d e r a t i o n  o f  
a l l  t h r e e  i t l t e r a l  m o t t o r ~ s ,  @ ,  (!, aad @ ,  thus i a a i c a t e s  
t ha t  desia.a,ole f l y i n g  q n a l i t i s s  a r e  a s s o c i a t e d  F i t 3  zppre -  
c i a b i e  v e r t i c a l  t a i l  s t z e s ,  a s  l o n g  a s  t’ae airplane is con- 
t r o l l e d  preGomiaant1, by t h e  a i l e r o n s .  

%.he e f q e c f s  o f  c l a n g e s  i n  d i h e d r a l  a:igle harye y e t  t o  
b e  d e t e r m l n c d .  Fj2rrrc  ]-(a) i n d l c a t e s  t h a t  t h e  d i h e d r a l  
e f f e c t  o 3 p o s e s  t k e  bank ing  m o t i o n  r e s v l t i n g  from a i l e r o n  
c o n t r o l .  i n  eac-i c a s e .  Tats o p 3 0 s i n g  a , c t i o ~  ‘is d.eper,dent 
x p o n  ti7e mag,.nit:.de o: t a e  s i d e s l i p  so t h a t ,  f o r  banking 
a o t i o l i s  d u r i n g  wPi.cn s f d e s l i r  i s  n o t  a l l e a i s t e d  by v e r t i c a l  
t z i l  a r e a ,  t h e  o ~ ~ o s i t i o n  t o  t h z  k8nkiEg maneu‘trer is v e r y  
l a r g e .  I n  z d d i t i o n ,  .tBe combinat ior t  o f  any  a T p r e c i a h l e  a%- 
h e d r a l  and  l a f g e  a n g l e s  or ’  e i d e s l i p  a s s o c i a t e d  oitli  s m a l l  
v e r t i c a l  t ~ i l  a:-eas c a u s e 3  t i i e  b t e r a l  o s c i l l a t i o n  t o  be- 
coma a. vera  lar,s ~ ; a z c e n t a l ~ e  o f  t r e  t o t a l  mo‘t ion;  that i s ,  
t h e  o s c i l l h t o r g  r o d e  o f  tne b a n k l n s  ~ o t i o n  becomes v e r y  
l a r g e  n i t n  r e s : e e t  t o  t i l a  “ T e r i o d i c  modes. Al though f o r  
S U C ~  c e s e s  3 e o ; - s i d e r a t i i n  o f  %lie d s r q i n g  and t h e  T e r i o d  
o f  t n e  l ? . c e r a l  o s c i r l a t i o n  may i n d i c a t e  d e s i r a b l e  rao t ions ,  
t h e  mo t ions  a r e  a c t u a l l y  v e r y  e r r a t i c  ( f o r  example,  c a s e s  
4 and  7 ,  f i g ,  ] . ( a ) > .  

Because t h e  bank ing  mot ion i s  d b i n i s h e d  by t h e  d i -  
h e d r a l  e f f e c t ,  i-t i s  a p p a r e n t  th8.t i n c r e a s e s  i n  d i h e d r a l  
increase t h e  a i l e r o n  f o r c e s  n e c e s s a r y  t o  p e r f o r m  a g fven  
maneuver,  B S  i r t d i c a t e d  i n  f i g u r e  2 ( a ) .  I t  i3 a l s o  shown 
t h a t ,  f o r  t h e  s m a l l e r  v a l u e s  o f  v e r t i c a l .  t a i l  a r e a ,  t h e  
i n i t i a l  c o n t r o l  moment reqxi i red t o  nerform c e r t a i n  maneu- 
v e r s  becomes veyy large. The i n d i c a t i o n  t h a t  t h e  neces-  
sary c o n t r o l  a p y l i c a t i o n  becomes i n f i n i t e  a t  c e r t a i n  V a l -  
u e s  o f  Sf/S, mi21 Se co i l s i de r ed  l a t e r o  

The e f f e c t s  o f  d i h e d r a l  o n  t h e  banking motion h a v i n g  
been  d i s c u s s e d ,  tto, a.zirnuth mot ion  i s  t o  be cons ide red .  
F i g u r e  3(a) i n d i c a t e s  t n a t  t h e  azi rnuth  i s  n o t  g r e a t l y  af- 
f e c t e d  by d i h e d r a l ,  When Se/S, - = 0.04 ( c a s e s  1, 4, 
a n d  71, t n e  e ” f e c t  o f  d i h e u r a l  i s  t o  p r e v e n t  t h e  heading 
f rom c o n t i c u o J s l y  i n c r e a s i a g  a d v e r s e l y .  The head ing ,  holm- 

t o t e s  a n e g a t i v e  a z i m u t h  % o r  i n c r e a s e d  
and  t h i s  r e s u l t i n g  mot ion  ca,nnot be 

e. F o r  all o t h e r  c a s e s  t h e  e f f e c t  o f  
d i h e d r a l  is t n s i g n i f f c a n t .  

http://magnitv.de
http://mag,.nit:.de


With regard %o sideslipping, an inspection of figure 
5(n)  indTcates that  increasing d i h e b a l  rettlr4a tlzs r a t e  of 
incmaae of siJeslip.. 
of ver t ica l  t a i l  arm. It 3-a inportcat t o  note, how.v-er, tk’ti; 
incraases i n  diheckal prevent oid,,slip o n l j  ab the apsnsa of 
opposing the banking not;on. 
increased a i le ron  control, the sifleslip is lLot rctilccdd bj incremcs 
i n  di&di-al, a3 iiidizrztdcl. by fi&m 51a). 

This ef fec t  i s  large f o r  mal1 values 

For a gTven m.neuvt‘r, perforned by 

On 1-ho whole, tlre mot:’ona a@ inLtiatcd by ail?ro?n 

For case8 i n  
control indicats tiat th; e f f e c t i r e  di’-;.dral should be as mal1 
as will be ? e m i t t t d  by o t%r  Crit,eri@ns 
which t ?e dibe:kczl cznnot bo aade sinall, increaslfig ver t ica l  
t a i l  area makes possibld corqx.-abb mo tioiia a t  the expense, 
kmever, of inveased  contrci  forces assoctated wi t!i large 
diliedl.Kt ~ng1.s s 

I n  Yi?s foregoing discussion, only the notions initiated 
bg conve2timal a i l e r v n  ccmtrol. havo bzen cons2 dered T*iit1. mch 
control, an adbeme ,j.awing mxaeii~ is  applied. Thc elimln?iion 
of this advGrso :mwlng ilioment presents a pnas3ble a2thod. )f irn- 
p x v i n g  th3 rsst:l ~ h g  motioas . 1Y-e following diacumlon theref ore 
cdnc3rrm Chailgei-;B brdu&t abclut by pruflessiva changes in  bhe r a t i o  
c ,  ,/cl 
t-?Tse of those obtain??:ie by stmu1tanecu.s def lmt icns  of bo%h the 
ai lerons m& $- :e rud2er 

from -0 135 to 0.135 S~xcli r a t i o s  are a l s o  represunta- 

F , p r ,  1 illus+ratcs the iq rovc ren t s  i n  the bm-llririg notions 
effected by increases in C n / C l .  The motions become more nearly 
l i nea r  and of p p a t e r  magnitude. 
the smllcr values of ve r t i ca l  t a i l  area considered. For instance, 
whm Cn/Cl 
impossible Lo liavo -tlm airplano i n  a banked a t t i t ude  when 
s = 8.25 (2.34 see) by ~slt’ans of control of tho  type ass27lllod. This 
S a m  i rqoss ib i l i ty  ;is deqonstrated by f i w o  ~{a), vhicli indicates 
in‘?initG ccntrol nommts. Furtherrxoye, the ai& of bank a f t e r  
2.34 seeonfin is  negative al%hou& it fs cauced by positiire control.  
An increase i n  Cn/Cl  t o  0 ( f ig .  l(b)) cxtcinds tkc time interval  
durtng which the bcdc i s  posit ive.  
t o  0.1.35 entiro3.y praven;t;s any such e r r a t l c  Imiklng notion 
(case 4, f i g .  l(c)). 

Tho iriproverm-ib i s  greatest  f o r  

= -0.133 ( f ig .  l(a)), case 4 derrronstrates tha t  it is 

A fur ther  increase in C,/Cz 

Case 7 is s in l l a r ly  affected. 



The f o r e g o i r g  d i s c u s s i o n  o f  cases  4 and 7 ( f i g -  2 )  
i n v o l v e s  o n l y  %he  mo t ions  r e s u l S i n g  from c o z t r o l  a g p l i e d  
i n s t a n t a u e o u s l ,  a t  t h e  s t a r t  o f  t h e  motion a n d  h e l d  c9n- 
s t a n t  t h e r e a f t e r .  3r var;Ting c o r r e c t l y  t h e  r a t i o  o r  magni- 
t a k e  o f  t h e  a 2 p I t e 5  c o r , t r o l  n o a e z t s  o r  b o t h  o v e r  a p e r i o d  
o f  L,fce, ar.g a aneuve r  can  3 e  g e r f o r n e d .  X f  t h e  response 
t o  a u n 5 t  c o n t r o l  a p T l i c a t 5 o n  % e  e r r a t i c ,  hoveve r ,  any 
v a r i a b l e  c o r t r o i  s o  corr,pou.r,ded o f  u n l t s  o v e r  a period. o f  
t i i ne  a s  t o  r e s ? l l t  i n  acy r r e d e t e r m i n e d  mot ion  i s  c o r r e s-  
p o n d i n g l y  eryat”;.  Fecause  o f  tkie u n p r e d i c t a b l e  n a t u r e  
o f  t h e  response t o  control f o r  such c a s e s  and  beca-ase o f  
t ae  iimits ix:9osed by t o e  p i l o t ’ s  s x l ’ L 1 ,  t h e  a b i l i t y  t o  
s e r l o r n ?  t h e  r e q i i r e d  c o n t r o l  z a n i p u l a t i o n  f o r  any maneu- 
v e r  5s t a l e r e f o r e  q u e s t i o n a b l e .  Th i s  a t a t amen t  i s  t ru .e  f o r  
t e e  n o n l i r , e a r  in.Lere?t  z o t i o n s  o f  ce.ses 4 end  7’ a h e r e  t h e  
r e s p o n s e  t o  c o n t r o l  a p - p l i c a t i o n  d o e s  n o t  a.r;pear t o  be pro-  
portional t o  c o r , t r J l  d e fb sc t i ox&s .  n i . r p l a n e s  i?a.ving s u c h  
i n 3 F r e n t  ? a t e + * a l  a a t i o n s  a r e  thc re ’ore  t o  be a r o i d e d ,  

It m s  ~ o t i c e d  d u r i n g  t h e  compntat ioGs o f  %he v a r i o u s  
mo t fons  taat  erra”,c mo t ions  o c c u r  rrlien t h e  o s c i l l a t o r y  
mode kecomes z. large p e r c e n t a g e  of +,??e t o t a l  mot ion ,  where 
t h e  t o t a l  m o t i o n  i s  t h e  surrriiation o f  i t s  p e r i o d i c  aad 
a p e r i o d i c  modes .  The amplitude o f  the o s c i l l a t o r y  mode 
a s s o c i a t e d  m i t h  e m 1 1  v a l u e s  o f  Sf/S, is v e r y  l a r g e  rela- 
t i v e  -to t h 6  a r e r i o a i c  rnDLes@ I n c r e a s e s  i n  S y j S ,  d e c r e a s e  
t h e  amplitu.de o f  t h e  o s c i l l a t o r y  mode a n d  i n c r e a s e  t h e  
nagnitucle o f  t h e  a p e r i o d i c  mode ,  T h i s  e f f e c t  is l a r g e  f o r  
small v a l u e s  o f  S.?/(S, a n d  d e c r e s s e s  as Sf/S, i n c r e a s e s .  
SimuZtaneousI.$ w i t n  d e c r e a s e s  ir, a m p l i t u d e ,  t h o  n e r i o d  of  
t h e  o s c i l l a t i o n  d e c r e a s e s  a n d  t h e  damping w i t h  r e s p e c t  t o  
t i m e  i n c r e a s e s .  The darnping w i t h  r e s p e c t  t o  c y c l e s ,  how- 
e v e r ,  d e c r e a s e s .  

D a q i n g  i n  t e r m s  o f  c y c l e s  o f  t h e  l a t e r a l  o s c i l l a t i o n  
canno t  be c o ~ s i d e r e c ? .  i n d i c a t i v e  o f  t h e  l a t e r a l  f lyirLg char-  
a c t e r i s t i e s o  Eecaust? i t  i s  t h e  t o t a l  l a t e r a l  mot ion t h a t  
d e n o n s t r a t e s  f l g i n g  q u a l i t i e s  aod because  t h e  t o t a l -  mot ion 
i s  t h e  s i x m a t i o n  o f  inodes b o t h  r e r i o d i c  and  a p e r i o d i c  i n  
n a t u r e ,  t h e  r a t i o  o f  t h e  magni tudes  o f  the p e r i o d i c  and  
t h e  a p e r i o d i c  moiiss must ’ue kegt small f o r  Eaaorable fly- 
i n g  c h a r a c t e r i s t i c s ,  Th is  r e l a t i o n  i s  acaompl i shed  when 
t h e  p e r i o d  o f  t h e  l a t e r a l  ~ s c i l l a t i o ~  i s  v e r y  s h o r t  { o f  
t h e  o r d e r  o f  3 s ec  f o r  t h e  h y p o t h e t i c a l  a . i r p l a n e ) .  

http://amplitu.de
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The e f f e c t  o f  i nc re?zs ing  C n / C ~  o n  t h e  amount o f  
c o n t r o l  neces sa rq  t o  p e r f o r m  g i v e n  Pank maneuvers i s  shown 
i n  f i g u r e  2 ,  SLL m i l l  be Doted that ,  t h e  c o n t r o l  moinents o f  
f i g u r e  2(a) becoae  i n f i n i t e  a t  t h e  low v a l u e s  of Sfjs, 
t h a t  c o r r e s p o n d  t o  Pmgossible  bank maneuvers ,  a s  p o i n t e d  
o u t  p r e v i o u s l y .  # h e r e a s  i . u c r e a s i n g  C n / C x  t o  0 e f f e c t s  
im?rovements i n  t h e  c x r v e s ,  a f n r t ' n e r  i n c x e a s e  t o  0.135 
e s t  i r e l y  e l l m i n n t e s  t i+e  d i s c o n t i n u i t y  o f  t h e  c u r v e s  i n  the 
r a a g e  covered.. Zt shou.ld be no t ed  that  t h e  e f f e c t s  o f  
v a r i a t i o n s  o f  v e r t i c a l  t a i l .  a r e a  and d i h e d r a l  a r e  d e c r e a s e d  
IIY i n c r e a s e s  i n  C,/S$. 

The c o a t r o l  f o r c e s  3ej.ng p r o p o r t i o n a l  t o  t h e  c o n t r o l  
n?oment s a?-i,lied. t o  t i l e  airy l a n e ,  f i g u r e  2 a l s o  i n d i c a t e s  
a v a r i a t i o n  o f  c o n t r o l  f o r c e s .  The c o n t r o l  f o r c e s  a r e  
t h e r e f o r e  d e c r e a s e d  by i , l c r e a s e s  i n  v e r t i c a l  t a i l  a r e a  and  
by d-ecveases  i n  d i h e e r a 1 .  A l thougn  i n c r e a s i n g  c n / c t  
i n 4 i c a t e s  a d e c r e a s e  j.n a p p l i e d  r o l l i n g  moment, t h e  ap- 
p l i e ?  yawing rmrnent , whe.,i o b t a i n e d  by m e c h a n i c a l l y  GOU-  
p l l n g  t h e  a i l e r o r i s  a n a  t n e  r u d d e r  i .n  p r o p o r t i o n  t o  
must  be c o n s i a e r e d  i n  d e t e r m i n i n g  t h e  c o n t r o l  f o r c e s .  
Thus t h e  m a n g e s  f I con t ro l .  f o r c e s  a r e  not; n e c e s s a r i l y  p r o-  
p o r . t i o n a 1  t o  t h e  c a n g e s  I n  r o l l i n g  moment caused  by in-  
c r e a s i n g  c , / c ~  ( f i g .  2 ) .  

C n / C I ,  

The e f f e c t s  o f  Cn!cIz o n  t h e  a z i m u t h  n o t i o n  may be 
d e t e r m i n e d  f r o m  f i g u r e  3 .  I n c r e a s i n g  Cn/CJ f rom -0.136 
t o  0,135 p r o g r e s s i v e l y  p r o d u c e s  b e t t e r  def in_ed m o t i o n s .  
S i m n l t a n e o u s  a p F l i c a t i o  1 of  s u f f i c i e n t  f a v o r a b l e  yawing 
riioment w i t h  t h e  r o l l i n g  moment ( f i g .  3 ( c ) )  e n t i r e l y  e l im-  
i n a t e s  an,j* a d v e r s e  b.eading. 

J t  shou ld  a l s o  be no t ed  t h a t  t F e  change i n  h e a d i n g  
dinr ing t a e  i n t e r v a l  o f  t i n e  ( o f  t h e  o r d e r  o f  2 s e c )  i m-  
media te12  f o l l o a i n g  t h e  a g p l i c a t i o n  of  c o n t r o l  r e n a i n s  
s m a l l  f o r  r e l a t i v e l y  1srg. j  v e r t i c a l  t a i l  a r e a s  i n  f i g u r e s  
3(n) a n d  3 ( 0 )  and  f o r  all v e r t i c a l .  t n i l  a r e a s  .in f i g u r e  
3 ( c ) ,  On t h e  o t h e r  hand ,  t n e  banking m o t i o n s  ( f i g .  1) 
r a p i d l y  become l a r g e ,  T h u s  it i s  p o s s i b l e  t o  p e r f o r m  a 
r e l a t i v e l y  r a p i d  bank maneuver w i t h  t h e  a i l e r o n s  w i t h o u t  
a p p r e c i a b l y  ckar,ging t h e  head ing .  Such a maneuver,  f o r  
i n s t a n c e ,  i s  d e s i r a b l e  f o r  c o r r e c t i n g :  a banked a t t i t u d e  
w h i l e  l a n d i n g ,  
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F i g a r e  &(a> is a c r o s s  p l o t  o f  ' ig i l r s  3, sImwi.ag t h e  
t r a r i a t i o i z  o f  r c i x 4 m ~ x a  adv2rF;e heading m i t n  v e r t i c a l  tail 
a r e a .  Only o2e v a l ~ e  o f  dI 'nedraI  i s  c o n s i d e r e d  b e e a n s e  
o f  t,ie s : x i a l A  e f f e c t s  o f  d i n e d r a 2 ,  F i g u r e  4(a) i n d i c a t e s  
t h a t  ad-vs r se  h e a d i n g  5 s  e - i t i r e l y  e l i m 5 n a t e d  by a p p i y l s . g  
c o n i r o t  i i  t t L e  : a t i o  G , / c ~  >0.i29 r e g a r i ; ~ e s s  o f  t h e  
v a l i n e  of Sf/S,*  or p a . r t i c u i a r  v a l A e s  n f  s ~ . ' s , ,  nosi- 
e v e r ,  t i l e r e  e x i s t  p a r t i c u l a r  v a l u e s  o f  C,/CZ t h a t  pre-  
v e n t  a r q  a a T e r s e  headfirg.  T h i s  v a . r i a t i o n  o f  C,/C with 
Sf/S, i s  deterr;,ined. by e q ' i a t i o n  (11) znd  i e  shown on 
f i g i x e  & ( a )  St is 4 ~ d i c a t e d  t m t  tL iese  optimum va%ii.es 
o f  c,/c~ s x g  +ecre:lseci a s  S ~ / S ,  i n c r e a s e s  a n d  a s  I' 
becorrles &art:e, 

I 

'I;ater,ol Motions Due t o  A p p l i e d  Yawing Hcment 

T h e  e f f e c t s  o f  chan;es i l z  ? i h z u r a , l  and v e r t i c a l  t a i l  
a r e a  o n  t h e  l a t e r a l  mot ions  r e s u l t i n k  f r o i n  apnAied yarning 
moiaer*t, such as rGiglLt  b e  o b t a  i ~ e d  b ; ~  rudder  d e f l e c t i o n s ,  
a-re i ac i i ca ted  i r \  f i g u r e  u. I n  g e a e r a l . ,  i t  should be 
rioted. tnat a l l  tLc l z i t e r a l  m o t i o n s  o f  f i g v r e  6 ,  d e t e r m i n e d  
by 2quations (lZ), ( l a ) ,  a n d  (14), a r e  e r r a t i c ,  i n d i c e t i n g  
i l  s l o g ~ y "  m a r s u v e r i n g  if an a t t e q t  i s  made t o  a l t e r  t h e  
f l i g c t  psth by means o f  t h e  r u d d e r .  

F i g x r e  b(a )  imdicc-Ltes tha.t  i n c r e a s i n g  v e r t i c a l  t a i l  
a r e a  d e c r e s e e s  t h e  magni tude  o f  t n ~  ban.king mot ions  a n d  
t inereby i n c r e a s e s  t h e  magni tude  o f  t h e  a p p i i e d  yawing mo- 
ment l i e c e s s a r y  f o r  ~ e r f o r r n i n e ;  a g i - fen  bank maneuver. In- 
c r e a s i n g  7rer t ica . l  t a i l ,  area a l s o  p roduces  E o t i o n s  t h e t  
d e v i a t e  g r e a t l y  f r o m  a l i n e a r  v a r i a t i o n  n i t h  t i m e .  P i g u r e  
6(s) a l s o  i n d i c a t e s  t n a t  i n c r e a s i n g  d i h e d r a l  i n c r e a s e s  t h e  
m a g n i t u d e  o f  t h e  b2lnking r u o t i o r i s  and  caiAses a more  l i n e a r  
i n c r e a s e  o f  bank a n g l e  with t irue. F i g u r e  6 ( b )  shows that 
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t h e  n a g a i t u d e  o f  t h e  azimuth q o t i o - ? ,  is a e c r e a s e d  by in-  
c r e 6 s e s  in v s r t i c a i  t a i l  a r e a .  Bztm7;.th n o t i o n s  t ha t  v a r y  
irregularly ~ i t h  t i z e  a x e  a l s o  p r o d a c e d ,  I n c r e a  s i q g  d i -  
h e d r a l  ( f i g .  6 ( b ) )  has s m a l l  e f f e c t s  o n  t h e  a z i r m t h  Icot ion ,  
t h e  c h a r a c t e r  o f  t k e  mot ion  b e i n g  d e f i a e d  e s s e n t i a l l y  by 
vertical t a i l  a rea .  

V e r y  o f t e r -  i f  i s  d e s i r e d  t o  c4ange t h e  h e a d i n g  wi th-  
o u t  ap;qrec iabig  a l t e r i a c  t h e  aDgl s  o f  bar-k, as wken the  
a t r p l s n e  i s  b e i n g  a l j n e ?  wit5 a r-cmaay. T h i s  maneicver 5s 
u s u a l l y  a.cconz,lisned- by means o f  t h e  r d . d e r ,  a n d  t h e  ef- 
f e c t i v e n s s s  of t a e  r u d . l e ~ +  f o r  t h i s  p u r p o s e  may be o b t a i n e d  
f r o n  f i z u r e s  ~ ( a )  a n d  5 ( k ) .  The r z d d . e r  'Gecomes m o r e  ef- 
f e c t i v e  a s  t h e  r a t i o  o f  the  a z i r ~ u t n  n o t i o n  t o  t h e  bank icg  
rnotioii becomes l a r g c .  D i v i d t n g  Q , C ,  by $/Cn a t  t h e  
i r s t a n t   en s = 5 S ~ Q W C ,  apFroxir r .a te lg ,  a v a r i a t l i o n  i n  
t h e  r a t f o  from 3.75 t o  1 - 7 5  n i t 0  d e c r e a s e s  iii d i h a : d r a l  
f r o m  IO* t o  0' and, l i t L J . $  o r  n3 v f l r i a t i o r ,  w i t h  changes  i n  
v e r t i c a l .  t a i l  area i n  Cite r a n g e  c o v e r e d ,  Tbe sarne v a r i a -  
t i o n ,  a l thoi igk:  0:' d i . f f e s a n t  rnzgoi tvde,  e x i s t s  when s = 20, 
I t  i s  the re .Fore  3 q , o r t ~ x ~ t n  F o r  t h i s  maneuver,  t h a t  tbe  d i -  
heC!ral angle '83 r e p t  s n a l l o  

 he s t d . e s l f m  a s  siiornrn by f i g v T e  b(c) i s  n e g a t i v e  
(that i s ,  t r ie  ai-ppl a n e  s k i d s )  i s r n s d i a t e l y  Po1 . lowi~ l .g  t h e  
a y z l i c a t i o i l  o f  p o s i t i v e  yawing nonittent and bscoines p o s i t i v e  
o ~ l y  after ac a - p r e c i a b i e  i n t e r v a l  o f  t f m e ,  'chat i s ,  ap- 
proximcltel , :  4 s s c o n d a  o r  more. The e f f e c t  o f  i a c r e a s i n g  
v e r t i c a l  t a i l  a r e a  i s  t o  d e c r e a s s  t h 9  rnagnftude o f  t h e  
skit?. Tile sideslip dnrilng a g i v e n  maneuver,  however,  i s  
110 t a p F r e c i a b l y  z l t  e r e d  b e c a u s e  a. c o r r e s ~ o r i d i n g l y  in-  
c r e a s c i i  yawing moment must be a p r l i e d  in o r d e r  t o  p e r f o r m  
s u c a  a rr;ane'Civer. 

Zncreasing d i h e d r a l  ( f i g .  5 ( c ) )  i n c r e a s e s  t h e  e r r a t i c  
n a t u r e  o f  t h e  s ids s1 iTp in .g  m o t i o n  a n d  r e d u c e s  i t s  magni- 
t u d e ,  

Yne m o t i o n s  dlie t o  a T y ? i e d  ; laving raornent a s  a w h o l e  
i n d i c z t e  t h a t  v i r t u a l l y  no c o m b i n a t i o n  o f  v e r t i c a l  t a i l  
area a n d  d i b e d r a l  i n  t h e  r a n g e  covered  a l l o w s  w e l l- e x e c u t e d  
l a t e r a l  maneuvers w i t h  t h e  r u d d e r r  One e x c e p t i o n ,  however,  
i s  a mane'iver i n v o l v i n g  i n t e n t i o n a l  s i d e s l i p p i n g ,  f o r  v h i c h  
the rudder  i s  a n  e f f e c t i v e  c o n t r o l ,  p s r t i c u l a r l y  w i t h  small 
d.i*zedral.  F o r  maneuver ing,  then, t h e  p r i n c i p a l  u se s  o f  t h e  
rudd.er are t o  e n f o r c e  s i d e s l i p  a n d  t o  supp ly  secondary  as- 
s i s % a n c e d. u r i ng a i 1 e r Q n- c o n t r o I 1 e d rna n e u  v e r s 
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T1.e results of t ,&is thecretical e n a l j s i s  m a y  be surr,med 
up 3.2 the f o l b o v i n g  s o r c i a s i o n s :  

1. T A P  i r o t l o n s  i n i t i a t e d  b j  a i l e r o n  c o n t r o l  i n d l c a t e d  
t I a t  d.esi?-a5;e f l y i n g  u v a l l t S e e  a r e  a s e o c i a t e d  w 4 t h  con- 
s5de-ca. t le  v e r t i c a l  t a t ?  area. 3 u h p l e m e n t a r j  c o n t r o l  by 
Ee8ns o f  t h e  r u " d e r  0; a i l e r c j n s  7-rith t ~ h e r e n t  favorable 
~ 7 a v ; i - n ~  iroraerit o f  t 5 .e  o r d e r  c f  3nc -  e i g h t h  t h e  r o l l i n g  mo- 
xe-ct a 1 l o . v ~  il red- c t i g ; ,  i n  - z e r t - l c a l  tsil a r e a o  

4, 3a. ..q ing o f  t -.e l a t e r a l  o s c i l l ~ t  i o n  w i t h  r e s n s c t  
t o  c:cies s..;ou:d r o t  be ~ o . ~ s i d e r e c i  i n d i c a t t v e  05 l a t s r a l  
f lgiw, c a a r a c t  e n i  si; i e s  e 

5 .  F o r  PaTrorabLa Z s t z r a l  fTy i r i3  c h a r a c t e r i s t i c s ,  
t ? e  - a t 5 0  o f  taz n a g n 5 t ~ d e s  o f  t a s  > e r i c d i c  t o  the a p e r i -  
o d i c  m o d e s  o f  t h e  l a t e r s f  n o t i o i i  x u s t  be icspt  small. This 
r e l a t  iijr i s  ayparenSULj a c c o r m l i s 3 e 2  when t h e  P a r i o d  o f  the 
l a t e ra :  o s c i l - l a t i o n  i s  v e r y  srAort ( o f  t h e  o r d e r  of 3 s e c  
f o r  tiie n p p o t h e t i c a l  a i r p l a n e )  

Laag ley  1 e m o r i a l  i-iesonzut i c a l  L a S o r a t c r y ,  ... i ia t  l o  ca-1 d J ~ i  so rg C o s m l t  t e e  A o r A e r o n a u t i c s  
Zang 1 ey  P i  e 18 , V s  . 
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2. Z o n e s ,  Eobe r t  T.: A Simy;”,ified A p p l i c a t i o n  o f  the 
T.lett,lod 0 5  O p e r a t o r s  t o  t h e  C a l c u l a t i o n  o f  Distixrbed 
N o t i o n s  o f  a n  A i r p l a n e .  Hep. No. 560, ?!TACk, 1936. 

3. Brrnber, and ’douse, B. 0,: gind-Tunqel  Inves -  
t i g z t i o n  o f  Effect o f  Y a m  o n  La te ra l -S ta3 i l i tg  
Cha ra c t e Y i s t i c s 

4, S m r t a i ,  u’:,r;eyn b o B  Effect o f  Tip  S a p s  a n d  D i h e d r a l  
O D  L a t e r a l - S t a b i l i t y  Cnaracterlstics. Rep. XO. 548, 
M s r C k ,  1935, 

5. P e a r s o n ,  ?ecry LA., and J o n e s ,  Rober t  It.: T h e o r e t i c a l  
S t a b i l i t y  a n d  C o z i t r o l  C h a r a c t e r i s t i c s  o f  Vings w i t h  
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Figure 2.- The magnitude of control 
moments necessary t o  perform 

certain banking maneuvers as influenced 
by changes in vertical tail srea, di- 
hedral, and control characteristics. 
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Figure 4.- The adverse 

heading as influ- 
enced by changes in vertical 
tall area, dihedral, and 
control characteristics. 

( a i  C,/Cl = - 0.135. I b )  Cn/Cl = 0. 
( e )  Cn/Cl = 0.135. 

Figure 3.- The azimuth motion due to 

influenced by changes in vertical 
tail area, dihedral, and control 
characteristics. 
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Figure 6 The lateral motions due to a 

by changes in vertical tail area and 
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